Haemophilus cells efficiently take up Haemophilus DNA from the medium during transformation but do not take up other DNAs. To study the mechanism of this specificity we have cloned an 8.1-kilobase (kb) fragment of H. parainfluenzae DNA in the Escherichia coli-pBR322 host-vector system and reisolated the DNA fragment for use as a defined probe. The 5'32p end-labeled 8.1-kb DNA is efficiently absorbed by competent Haemophilus cells whereas vector DNA present in the mixture is not, implying that the 8.1-kb DNA contains sequence-specific recognition sites that are needed for DNA uptake. Absorbed DNA can be recovered from cells as a 32P-labeled duplex of unaltered size for several minutes after uptake. We have determined the number and location of uptake sites in the 8.1-kb DNA by constructing a restriction endonuclease cleavage map and assaying fragments for uptake. Only two small fragments retain the ability to be absorbed. These fragments, 120 and 140 base pairs long, are 3.8 kb apart on the 8.1-kb fragment. We assume that each of these fragments contains a short common sequence, perhaps [8] [9] [10] [11] [12] base pairs long, that is the actual recognition site. We have shown by DNA competition assays, with the 8.1-kb DNA as a standard, that about 600 copies of the uptake sites are present in the Haemophilus genome.
In bacterial transformation, cells acquire new genetic information by taking up and incorporating DNA directly from the medium. Not all bacteria are transformable; in fact, only a few species have evolved this mechanism for genetic transfer. Diplococcus pneumoniae, Bacillus subtilis, and Haemophilus influenzae are the most carefully studied examples. These strains become competent (i.e., develop the ability to take up DNA) only under certain conditions of growth, implying that competence is an inducible state. With H. influenzae, 100% of the cell population can be induced to competence by transferring logarithmic phase cells from a rich medium into a synthetic medium that allows continued protein synthesis without cell multiplication (1) . As competence develops, the cells become efficient in transporting large DNA molecules into the cell so that such molecules are no longer susceptible to external DNases or to high-salt elution. In D. pneumoniae and B. subtilis, the transport mechanisms are nonspecific (2, 3)-i.e., DNA from any source may be taken up. In H. influenzae, on the other hand, uptake is highly specific for Haemophilus DNA; other DNAs are not taken up, nor do they compete with Haemophilus DNA for uptake. This specificity was first clearly demonstrated in a careful study by Scocca et al. (4) . They suggested that discrimination occurred at the cell surface and involved recognition of either a characteristic modification pattern or a characteristic base sequence in Haemophilus DNA. To determine which of these alternatives is the basis for the recognition, we have cloned an 8.1-kilobase (kb) DNA fragment of H. parainfluenzae in Escherichia coli and then reisolated the fragment for transformation studies. We found that the cloned DNA fragment is still efficiently taken up by competent Haemophilus cells even though it has lost the characteristic modification pattern of Haemophilus. This finding implies that a specific base sequence on the fragment must be the recognition signal for uptake. Using restriction enzyme digestion, we determined the number of these recognition sequences on the 8.1-kb fragment, and using uptake-competition studies we estimated their frequency on the Haemophilus chromosome.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Media. H. influenzae Rd, strain KW 21 (5), and H. parainfluenzae (. Setlow) were grown in Difco brain heart infusion broth supplemented with 10 ,ug of hemin (Eastman) and 2 ,gg of NAD (Sigma) per ml. E. coil HB101 (r-m-recA) and plasmid pBR322 were from H. Boyer (6) . E. coil was grown in L broth (7) or SBLH broth (8) .
Biochemicals. Restriction endonucleases Alu I, BamHI, Hpa II, Pst I, EcoRI, and HindIII were from BioLabs. Units and reaction conditions were those of the supplier. T4 polynucleotide kinase was obtained from P-L Biochemicals and [y-32P]-ATP was from New England Nuclear. Bacterial alkaline phosphatase (BAPC grade, Worthington) was dissolved at 40 units/ml in 10 mM Tris1HCl, pH 8/10 mM MgCl2 and heated at 90'C for 5 min prior to use to destroy contaminating nucleases. T4 DNA ligase was from BioLabs. Pancreatic DNase was from Sigma.
Preparation of DNA. Haemophilus DNA was extracted from late logarithmic phase cultures according to Marmur (9) . pBR322 and hybrid plasmid DNAs were purified from HB101 cells carrying the appropriate plasmids. Cells were grown to 5 X 108 cells per ml in a supplemented M9 medium (10), chloramphenicol was added to 250 Atg/ml, and incubation was continued overnight at 370C. Plasmid DNA was released by lysozyme/EDTA/Brij treatment followed by banding in a cesium chloride/ethidium bromide density gradient (10 ml) prepared by the calcium-treatment method of Wensink et al. (11) . After incubation at 370C for 10 min, the transfected cells were selected by overnight growth in a supplemented M9 medium containing ampicillin (60Iug/ml). Further selection for ampicillin-resistant/tetracycline-sensitive cells was carried out by using the cycloserine-enrichment procedure of Bolivar et al. (12) . After these two rounds of enrichment in liquid media, cells were spread on L agar containing ampicillin (60 ,qg/ml) and incubated for 18-24 hr at 370C. Individual colonies were suspended in 100 ,l of E buffer (13) containing 1% sodium dodecyl sulfate and heated at 650C for 30 min. After addition of 10 ,ul of glycerol, each cell lysate was applied to a 0.2 X 1 cm slot in a 0.8% agarose slab gel and run at 1-2 V/cm for 16 hr (14, 15) . DNA was visualized by ethidium bromide staining. Hybrid plasmids, identified by this gel technique, were named pKS1 through pKS20. Cloning experiments were conducted under P3-EK1 containment in compliance with the National Institutes of Health guidelines.
Assay for Uptake of Specific DNA Restriction Fragments by Competent Haemophilus Cells. Restriction fragments were labeled with 32P at the 5' termini by using [y-32P]ATP and T4 polynucleotide kinase (16) . Unincorporated label was removed by gel filtration on a 10-ml Sephadex G-25 column. The labeled DNA was then precipitated with ethanol and redissolved in 25 ,gl of 10 mM Tris-HCI, pH 7.5/1 mM Na2EDTA (TE buffer). Competent H. parainfluenzae or H. influenzae cells were prepared by incubation in the synthetic medium MIV as described by Herriott et al. (17) . For DNA uptake, approximately 0.1 ,ug of labeled DNA (t105 cpm) was incubated in a polypropylene (Eppendorf) tube with 0.1 ml of concentrated competent cells (1010 cells per ml) in brain heart infusion broth. After 5 min at 37°C the tube was placed on ice and pancreatic DNase was added to 100 ,ug/ml. After 20 min at 00C, the cells were washed three times by centrifugation with cold medium containing 0.5 M NaCl. The washed cells were resuspended in 0.5 ml of TE buffer. Sodium dodecyl sulfate was added to 1% concentration and cells were lysed by incubation at 65°C for 10 min. The lysate was deproteinized by extraction with CHCl3/phenol, 1:1 (vol/vol), and the supernatant was recovered. This extraction was repeated twice. The DNA was then recovered by ethanol precipitation. The DNA precipitate was dried in vacuo and dissolved in 10,ul of TE buffer in preparation for electrophoretic analysis.
Gel Electrophoresis and Autoradiography. Standard polymerizing recipes (18) were used for polyacrylamide slab gels (0.2 X 16 X 40 cm). The buffer was 50 mM Tris borate, pH 8.3/1 mM Na2EDTA. Samples (5-50 Al) containing marker dyes and 10% glycerol were loaded onto 1-cm slots. After electrophoresis at 5 V/cm, gels were dried for autoradiography. Kodak XR-1 film was exposed for 18-48 hr at -70°C with an Ilford Fast Tungstate Intensifier screen. Conditions for agarose gel electrophoresis and autoradiography were as described (19 (Fig. 1, lane A) . DNA absorbed by the cells could be recovered as an intact duplex fragment 8.1 kb long (Fig. 1, lane B) (Fig. 3) . A 1.3-kb HindIII-to-HindIII fragment and a 1.0-kb EcoRI-to-HindIII fragment contained recognition sites as determined by the DNA uptake assay (see Fig. 4, lanes A and B) . Several faint bands of uncertain origin are visible in lane B in addition to the two major bands. Possible explanations are offered in the Discussion for these and similar extra bands seen in lanes D and F. The 1.0-kb and 1.3-kb DNA fragments were purified by gel electrophoresis and subjected to more detailed cleavage mapping using Hpa II and Alu I (Fig. 3 ).
An example of our approach for this more detailed mapping is shown in Fig. 4 . An Alu I digest of the 1.0-kb HindIII-toEcoRI DNA fragment was 5'-end labeled and analyzed by gel electrophoresis. DNA fragments 460, 330, 145, and 75 bp long were obtained, of which only the 330-bp fragment was taken up by competent cells (Fig. 4, lanes C and D) . Some of this Alu I digest was further digested with Hpa II. Only the 330-bp Alu I fragment was cleaved, and this gave two fragments 190 and 140 bp long. Only the 140-bp fragment was taken up into competent cells (Fig. 4, lanes E and F) based on competition assays similar to those in Fig. 5 , it occurs at a low frequency (once per 300 kb) in several different heterologous DNAs (R. Deich and H. 0. Smith, personal communication). Based on this frequency in heterologous DNA and assuming it occurs randomly, we would guess that the uptake site is no more than 8-12 bases long. In the case of Haemophilus DNA, which has a genome size of 1.6 X 109 daltons (21) , each chromosome should contain about 600 copies of the site. Transforming DNA extracted by the Marmur procedure (9) is generally 30-50 kb long and would contain an average of 8-12 uptake sites per DNA molecule, thus ensuring entry of any chromosomal marker.
A receptor must exist that recognizes the uptake site sequence on the DNA. This receptor is probably located on the surface of competent cells. R. Deich and H. Smith (personal communication) have recently isolated a membrane protein that binds specifically to Haemophilus DNA and is detectable only in membranes from competent cells. They propose that the first step in DNA uptake involves a reversible binding between DNA sites and this cell membrane receptor. Subsequent events apparently involve an irreversible binding followed by transport of DNA into the cell. At this stage, the DNA becomes resistant to DNase action and high salt elution. The exact location or state of the transported DNA is not known. However, for several minutes it remains duplex, the size is conserved, and there is conservation of 5'-terminal label. Apparently, it is in a form or in a location such that it is impervious to cellular nucleases, including restriction endonucleases (22) and exonuclease V (23) . Interestingly, though, it may be subject to ligase activity because, in a number of gels (see Fig. 4, lanes B, D, and F) , we have observed possible ligation products. These appear as more slowly migrating DNA bands not originally seen in the control lanes. Alternatively, these could represent partial digestion products, containing binding sites, that are visible only after concentration by cell uptake.
The mechanism of DNA uptake in Haemophilus transformation is quite distinct from that found in D. pneumoniae or B. subtilis. The latter two organisms take up heterologous as well as homologous DNAs, and the mechanism involves initial endonuclease cleavage and transport of a single-strand of the donor DNA into the cell as the opposite strand undergoes exonucleolytic degradation (24) (25) (26) . This mechanism is in contrast to the specific and conservative mechanism found in Haemophilus. Thus, bacteria seem to have evolved two separate systems for transformation. Both systems are efficient and it is not yet apparent whether one system offers any advantages over the-other.
The existence of roughly 600 copies of the DNA uptake sequence per genome presents a conceptual problem. How are the many sites maintained? How did they become dispersed?
Tandem repetitions can be generated and maintained by unequal crossovers but, in this case, one is dealing with individual short repeats scattered over the genome. We can advance three possible explanations. (i) Transformation carries such a high selective advantage that each individual site has evolved by mutation. Loss of a single site could lower the transformation efficiency of a given set of neighboring genes sufficiently to produce a survival disadvantage.
(ii) The uptake sequences are part of an insertion sequence or transposable element that has "infected" the genome to an unusual extent. Again, one must propose that its wide and frequent dissemination in the genome confers a selective advantage on the host. (ii) The uptake sequence might form a part of another essential sequence such as a promotor or termination'sequence. This would ensure its frequent occurence over the genome and also its maintenance. Sequence analysis of several uptake sites and their surrounding DNA should help to distinguish among these possibilities.
